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Abstract

To advance the understanding of crustal deformation and earthquake hazards in Canada, we analyze seismic and geodetic
datasets and robustly estimate the crust strain accumulation and release rate by earthquakes. We find that less than 20% of
the accumulated strain is released by earthquakes across the study area providing evidence for large-scale aseismic deformation.
We attribute this to Glacial Isostatic Adjustment (GIA) in eastern Canada, where predictions from the GIA model accounts
for most of the observed discrepancy between the seismic and the geodetic moment rates. In western Canada, only a small
percentage (< 20%) of the discrepancy can be attributed to GIA-related deformation. We suspect that this may reflect the
inaccuracy of the GIA model to account for heterogeneity in Earth structure or indicate that the present-day effect of GIA in
western Canada is limited due to the fast response of the upper mantle to the de-glaciation of the Cordillera Ice Sheet. At
locations of previously identified seismic source zones, we speculate that the unreleased strain is been stored cumulatively in
the crust and will be released as earthquakes in the future. The Gutenberg-Richter (GR) model predicts, however, that the
recurrence interval can vary significantly in Canada, ranging from decades near plate boundary zones in the west to thousands
of years in the stable continental interior. Our attempt to quantify the GIA-induced deformation provides the necessary first

step for the integration of geodetic strain rates in seismic hazard analysis in Canada.
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Key Points:
e Analysis of seismic and geodetic datasets across Canada reveals that only 20% or less of the
accumulated strain is released by earthquakes
e GIA models account for most of the discrepancy between the seismic and geodetic moment rates
in eastern Canada, but not in western Canada
e The recurrence time of large earthquakes (Mw 26) in Canada varies from decades near the plate
boundary to millenniums in the plate interior

Abstract

To advance the understanding of crustal deformation and earthquake hazards in Canada, we analyze
seismic and geodetic datasets and robustly estimate the crust strain accumulation and release rate by
earthquakes. We find that less than 20% of the accumulated strain is released by earthquakes across the
study area providing evidence for large-scale aseismic deformation. We attribute this to Glacial Isostatic
Adjustment (GIA) in eastern Canada, where predictions from the GIA model accounts for most of the
observed discrepancy between the seismic and the geodetic moment rates. In western Canada, only a
small percentage (< 20%) of the discrepancy can be attributed to GIA-related deformation. We suspect
that this may reflect the inaccuracy of the GIA model to account for heterogeneity in Earth structure or
indicate that the present-day effect of GIA in western Canada is limited due to the fast response of the
upper mantle to the de-glaciation of the Cordillera Ice Sheet. At locations of previously identified seismic
source zones, we speculate that the unreleased strain is been stored cumulatively in the crust and will be
released as earthquakes in the future. The Gutenberg-Richter (GR) model predicts, however, that the
recurrence interval can vary significantly in Canada, ranging from decades near plate boundary zones in
the west to thousands of years in the stable continental interior. Our attempt to quantify the GIA-induced
deformation provides the necessary first step for the integration of geodetic strain rates in seismic hazard
analysis in Canada.

Plain Language Summary

We took advantage of the increasing density of GNSS and seismic stations across Canada to perform a
detailed investigation of the strain build-up and release rate by earthquakes. Our results indicate that
strain release rates by earthquakes are slower than the strain accumulation rates except at locations
where earthquakes are generated due to tectonic and/or man-made activities. We compare our results
to the estimated rate of strain accumulation due to postglacial rebound and found that the postglacial
rebound model can satisfactorily explain our observation in eastern Canada but not in western Canada.
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Consequently, we infer that the effect of the postglacial rebound in western Canada may be short-lived
or the model used is less accurate. We investigate the possibility that strain is cumulatively stored in the
crust and can be released by future earthquakes. Our results reveal that the recurrence interval of a major
earthquake (magnitude 26) can vary significantly in Canada, ranging from decades near plate boundary
zones in the west to thousands of years in the stable continental interior. Our study demonstrates the
advantage of jointly analyzing seismic and geodetic datasets to obtain a more complete picture of crustal
deformation and potential seismic hazard.

1 Introduction

The study of seismic hazard and crustal deformation has been a common research interest for scientists
in the field of seismology and geodesy. Many independent studies using either seismic data or geodetic
data have been performed at different scales and resolutions in different parts of the world including
Canada (e.g., Goudarzi et al., 2016; Hussain et al., 2018; Mazzotti et al., 2005). However, independent
inferences from both fields are subject to different biases related to data type, inherent assumptions,
processing methodologies, and measurement errors. In recent years, there have been concerted efforts
to jointly analyze seismic and geodetic data to avoid the potential bias of using either dataset alone to
make inferences about crustal deformation and potential seismic hazard in different tectonic settings.
Hence, several studies have compared the rate of strain accumulation derived from geodetic surveys with
the rate of moment released by earthquakes based on the theory of elastic rebound and the principle of
moment conservation (Avouac, 2015; Barani et al., 2010; Bird et al., 2015; Grunewald & Stein, 2006; Jenny
et al., 2004; Kagan, 2002; Kagan & Jackson, 2013; Mazzotti et al., 2011; Palano et al., 2018; Reid, 1910;
Rontogianni, 2010; Rong et al., 2014; Ward, 1998; Walpersdorf et al. 2006). Although this involves several
inherent assumptions that are debatable, this multidisciplinary approach to study crustal deformation and
seismic hazard is attractive and valuable in achieving a comprehensive interpretation.

Previous studies around the world have identified inconsistent results when the seismic data are
compared with the geodetic data. On one hand, agreement in the moment rate is found between the two
data sets within measurement uncertainties (e.g., D’Agostino, 2014; Field et al., 1999; Kao et al., 2018;
Mazzotti et al., 2011) while on the other hand, there is a disagreement between the two data sets with
the geodetic moment rate typically higher than the seismic moment rate (e.g., Masson et al., 2004;
Mazzotti et al., 2011; Palano et al., 2018; Ward, 1998a, 1998b). Based on the assumption of a constant
rate of strain accumulation that is both elastic and inelastic and seismic moment release that is purely
elastic, the degree of seismic and aseismic crustal deformation has been quantified and several factors
have been invoked to explain the discrepancies between them (e.g., England & Molnar, 1997; Guest et al.
2006; Gonzalez-Ortega et al., 2018; Masson et al. 2004, 2006; Middleton et al., 2018; Palano et al., 2018;
Walpersdorf et al. 2006). In the absence of aseismic deformation, areas, where the rate of geodetic strain
accumulation exceeds the rate of seismic moment release, have been classified as having high potential
for seismic hazard. On the other hand, areas, where the rate of seismic moment release exceeds the rate
of geodetic strain accumulation, are classified as having a low potential for seismic hazard (e.g., Deprez et
al., 2013; D’Agostino, 2014; Gonzalez-Ortega et al., 2018; Jenny et al., 2004; Kao et al., 2018; Keiding et
al., 2015; Masson et al., 2004; Mazzotti et al., 2005, 2011; Middleton et al., 2018; Palano et al., 2018;
Tarayoun et al., 2018).
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In western Canada, Mazzotti et al. (2011) compared the ratios between geodetic and seismic moment
rates at twelve seismic source zones and found that the geodetic and seismic moment rates only agree
well within the Puget Sound and the mid-Vancouver Island seismic source zones. In most other zones
classified by the authors, the geodetic moment rates are 6-150 times larger than the seismic moment
rate. They attributed the differences to under-sampling of long-term moment rates by the earthquake
catalogs in some zones and possible long-term regional aseismic deformation in others. The authors also
investigated the possibility of integrating the geodetic strain rate into the probabilistic seismic hazard
analyses (PSHA) and concluded that it led to an overestimation of the ground shaking estimates. In
studying the seismogenesis of induced seismicity in western Canada, Kao et al. (2018) also compared the
geodetic moment rate to seismic moment rate and found close agreement in the injection-induced
earthquake dominated regions.

Most of these previous studies have noted that the comparison of geodetic and seismic moment rates
suffers significantly from the lack of dense Global Navigation Satellite System (GNSS) station coverage and
the short duration of recordings and this has been reported to possibly contribute to the observed
imbalance between the two moment rate estimates. Likewise, the unavailability of long earthquake
catalogs that spans the recurrence interval of large magnitude earthquakes also leads to a high probability
of underestimating the long-term seismic hazard (Ward, 1998; Mazzotti et al., 2011; Pancha et al., 2006).
However, in the past decade, there has been a significant increase in the number of available public and
private continuously operating GNSS stations all over Canada (e.g., the Real-Time Kinematic (RTK)
Networks) in addition to the scientific advancement in efficient processing techniques (e.g., Blewitt et al.,
2018). Similarly, more broadband seismic stations have been deployed across the country and robust
earthquake detection algorithms have been developed (e.g., Dokht et al., 2019; Tan et al., 2019). This
makes it possible to significantly reduce the uncertainties associated with the GNSS velocities and strain
rate estimates and to build improved seismic catalogs with robust moment magnitudes estimates (e.g.,
Atkinson et al., 2014; Moratto et al., 2017; Visser et al., 2017). Therefore, in this study, we seek to improve
upon the previous investigations of crustal deformation and associated processes in western Canada (e.g.,
Mazzotti et al., 2011) by using data from a denser GNSS station coverage and a more complete earthquake
catalog. Also, for the first time, we extend this multidisciplinary approach to study crustal deformation in
central and eastern Canada. In these regions, both the ongoing post-glacial rebound (PGR) induced strain
and numerous intraplate earthquakes provide the opportunity to robustly constrain the seismic versus
aseismic partitioning of long-term deformation (Mazzotti et al., 2005; Tarayoun et al., 2018). Additionally,
we approach the computation and subdivision of the study area differently, to obtain a spatial variation
of the moment rates across the study region. While our study confirms previous observations, the newly
developed deformation-rate models have unprecedented resolution and provides new insights into
crustal deformation and earthquake hazards in Canada.

2 Seismic Hazard in Canada

Large magnitude earthquakes have occurred in and around Canada in the past and will certainly continue
to occur sometimes in the future (Cassidy et al., 2010; Neely et al., 2018). Meanwhile, non-destructive
small-magnitude earthquakes are recorded continuously by broadband seismic stations across the
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country (see Figure 1a). Qualitative analyses of the spatial distribution of these earthquakes reveal a
strong correlation between their epicenters and the locations of densely populated urban centers and
known tectonics structures (Cassidy et al., 2010; Figure 1). For instance, there is a concentration of
relatively large and frequent earthquakes surrounding the Cascadia Subduction Zone (CSZ) where the
oceanic Juan de Fuca and Explorer plates are subducting beneath the North American plate (NA) at an
estimated rate of 2-5 cm/yr (Riddihough & Hyndman 1991; Gao et al., 2017; Yousefi et al., 2020). The
M7.3 event on central Vancouver Island in 1946 is an example of large crustal earthquakes in this region.
Similarly, in the northern part of the west coast, the oceanic Pacific plate and the NA slide past each other
along the seismically active Queen Charlotte Fault (QCF) where the M8.1 earthquake occurred in 1949. In
the St. Elias region of southwest Yukon Territory, the Yakutat Block (YB) subducts beneath NA to the
northeast leading to fast mountain building with significant seismicity. Moving inland from the Pacific
Coast, the Canadian Cordillera which accommodates the crustal stress transferred inland from the
subduction zone is characterized by a relatively high level of seismicity especially in the northern Rocky
Mountain region (Cassidy & Bent 1993; Chen et al., 2018; Mazzotti & Hydnman, 2001). Farther inward in
the interior platforms, the rate of seismicity decreases in the stable Craton and sedimentary plains.
However, there are reports of increasing induced seismicity associated with mining and hydraulic
fracturing for oil and gas exploration in the southern part of this region (e.g., Kao et al., 2018; Figure 1a).

In contrast, eastern Canada is in the stable interior of NA. The reactivation of tectonic structures (e.g.,
failed rifts, impact crater, and old faults) in zones of crustal weakness by regional stress fields and the
ongoing glacial isostatic adjustment (GIA) causes numerous intraplate earthquakes to occur in the region
(George et al., 2011; Lamontagne, 1999; Lambert et al., 2001; Mazzotti et al., 2005; Mazzotti & Townend,
2010; Park et al., 2002; Sella et al., 2004; Tiampo et al., 2011; Tarayoun et al., 2018). During the last glacial
maximum (LGM), the thick (~ 3 km) Laurentide Ice Sheet (LIS) that covered most parts of eastern Canada
depressed the lithosphere and caused the peripheral to bulge due to viscoelastic flow in the mantle.
However, due to deglaciation, the lithosphere is rebounding while the peripheral bulges are migrating
downward, causing a three-dimensional (3D) movement of the Earth's crust measurable by GNSS and
accompanied by a perturbation to the geoid (Sella et al., 2007; Simon et al., 2016; Henton et al., 2006;
Lavoie et al., 2012; Mitrovica et al., 2001; van der Wal et al., 2009; Wahr et al., 1995). This ongoing GIA
process is well constrained by geodetic measurements which revealed pictures of GlA-induced uplift all
over eastern Canada with a maximum rate of 13.7 = 1.2 mm/yr around the south-eastern part of the
Hudson Bay and subsidence with a minimum rate of -2.7 + 1.4 mm/yr to the south of the St. Lawrence
River Valley (SLRV) (Dyke, 2004; Goudarzi et al., 2016; Henton et al., 2006; Lamothe et al., 2010; Mazzotti
et al., 2005; Peltier, 1994, 2002; Sella et al., 2007; Tushingham & Peltier, 1991). Many years of seismic
recordings in this region have revealed clusters of earthquake activities (i.e. seismic source zones) along
the St. Lawrence River and the Ottawa valley which includes the western Quebec seismic zone (WUQ),
the Charlevoix Seismic Zone (CHV), and the Lower Saint Lawrence Seismic Zone (LSZ) (Lemieux et al., 2003;
see Figure 1). Five earthquakes greater than M6 occurred in CHV between 1663 and 1925 and the region
on average has more than 200 earthquakes annually, making it the most seismically active region in
eastern Canada. Likewise, four earthquakes larger than M5 occurred in the WUQ in the past three
centuries. Other identified seismic zones include Northeastern Ontario (NON), the Southern Great Lakes
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(SGL), the Northern Appalachians (NAP), and the Laurentian Slope (LSP) where a magnitude M7.2
earthquake occurred in 1929 (see Figure 1).

Figure 1. (a) Epicentre distribution of earthquakes (>45,000 events in total) in the newly compiled catalog.
Red boxes indicate the location of previously defined seismic source zones in the region namely: NVI -
North Vancouver Island-South Queen Charlotte; FORN - Foreland Belt-North; FORS - Foreland Belt-South;
ALB - Alberta Plains; BCN - Central British Columbia-North; BCS - Central British Columbia-South; MIV -
Mid Vancouver Island; WASH - Northeast Washington; SVI - South Vancouver Island; PUG - Puget Lowland;
OLY - Olympic Mountains; NON - Northeastern Ontario; SGL - Southern Great Lakes; WQU - Western
Quebec; CHV - Charlevoix-Kamouraska; BSL - Lower St. Lawrence; NAP - Northern Appalachians and LSP -
Laurentian Slope. (b) Horizontal GNSS station velocities relative to the stable North America reference
frame after inter-seismic correction at the plate boundary zone. For a clearer view, we did not plot the
error ellipse (most sites <1 mm/yr) but it is included in Table S1. The data length for each station is greater
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than 3 years. Locations of the main tectonic features in Canada are noted including the Cordillera Orogen;
the Interior Platform (e.g., Western Canada Sedimentary Basins); CSZ: Cascadia Subduction Zone; JdF:
Juan de Fuca Plate; Hudson Bay Platform; Canadian Shield; GSL: Gulf of St. Lawrence; APP: Appalachian
Orogen, SLP: St. Lawrence Platform, and GPV: Grenville Platform.

3 Data and Methodology

3.1 Earthquake Catalog

In this study, we use a seismic catalog containing 45,114 earthquake events spanning over 486 years with
reliable moment magnitude estimates. We obtained this by a careful compilation of novel and published
seismic catalogs encompassing most of western, central and eastern Canada in addition to the Northern
part of the contiguous United States (see Figure 1; Table S2). The bulk of the dataset came from the
published 2011 Canadian Composite Seismicity Catalogue (Fereidoni et al., 2012) which includes both
historical and instrumentally recorded earthquakes with homogenized moment magnitude estimates
compiled from several sources (e.g., Adams & Halchuk, 2003; Petersen et al., 2006; Ristau, 2004). We also
include more recent earthquake records from the Composite Alberta Seismicity Catalogue (CASC) which
includes earthquakes in Alberta and northeastern British Columbia with moment magnitudes from
different agencies (Cui & Atkinson, 2016; Fereidoni & Cui, 2015; Novakovic & Atkinson, 2015; Stern et al,
2013). To increase the number of small magnitude earthquakes included in the study, we compute
moment magnitudes for about 16,000 small magnitude earthquakes (M < 4) contained in the Natural
Resources Canada’s (NRCan) online catalog and the earthquake catalog of Visser et al. (2017) using the
Pseudo Spectral Acceleration (PSA) method of Atkinson et al. (2014). We identified and removed duplicate
entries (i.e., earthquakes that are closely placed in time and location) to produce a unique comprehensive
earthquake catalog. Overall, there are few earthquakes with moment magnitude > 6 (~ 198 events) but
we did not include the M9 Cascadia Megathrust Earthquake on January 26, 1700, to remove potential bias
in our comparative analysis since we modeled and removed the effect of inter-seismic subduction zone
strain buildup along the CSZ.

3.2 Seismic Moment Rate Estimate

To quantify the elastic strain release rate, we estimate the seismic moment rate using both the Kostrov
summation (Kostov, 1974) and the truncated Gutenberg-Richter (GR) distribution method (Kao et al.,
2018). Estimates based on the Kostrov summation method is computationally straightforward but known
to suffer significantly from an incomplete seismic catalog. In comparison, the GR method involves more
steps but has the advantage of being insensitive to the length of the earthquake catalog. For all
computations, we subdivided the study area into a 2° x 2° grid that provides a consistent data set across
the study area (e.g., Ghofrani & Atkinson, 2016; Gutenberg & Richter, 1944; Kao et al., 2018; Kostrov,
1974; Palano et al., 2018). We followed a numerical approach to estimate the seismic moment rate based
on the GR method (Kao et al.,, 2018). First, we estimate the magnitude of completeness (M) and
associated uncertainty from 10* Monte Carlo simulations using the maximum curvature method of
Wiemer (2000) with a magnitude bin width of 0.25 (see Figure S1). We adopt this technique because it is
fast and has the advantage of achieving a stable result even with few events like we had for many of the
computation grid (Mignan et al. 2011; Mignan & Woessner, 2012). Subsequently, we estimated the
earthquake a and b-value parameters alongside their standard errors using both the maximum likelihood



223
224
225
226
227
228
229
230
231
232
233

234

235
236
237
238
239
240
241
242

243
244
245
246
247
248

250

249

251
252
253
254

255
256
257
258

estimation method (Aki, 1965; Weichert, 1980) and the least square regression method. To avoid
overfitting for the linear least-squares regression, we searched for the data window that provides
optimum a and b values (i.e. smallest error values) between M. and the maximum observed magnitude.
We also attempt to estimate the earthquake a-values and b-values using the maximum likelihood
estimation method (Aki, 1965; Weichert, 1980). Where both methods are successful, we use the MLE
estimate and augment with an estimate from LSQ where it is successful and there is no MLE estimate. We
obtained the maximum possible earthquake magnitude (Mmax) from the 2015 Canadian Seismic Hazard
Model (Halchuk et al., 2015). Using the earthquake parameters (i.e., Mc, Mmay, a, and b values) estimated
for each grid, we compute the total amount of seismic moment for each magnitude bin from M. up to
Mmax and divide the sum by the catalog duration (T) to derive the yearly seismic moment rate from the G-
R distribution:

. 1 " _a-bi _ .
M(.)S‘G — T Z <10 a—b(z+s)> X (101.5(L+6.03))
i=M,

(1)
where i indicates different earthquake magnitude ranging from M. to Mmax and s is the magnitude
increment or step. The first term in the summation is the number of events derived from the G-R
distribution while the second term converts the event magnitude to seismic moment following the
formulation of hanks and Kanamori (1979). To obtain upper, and lower bound estimates for the seismic
moment rates (M%) in each cell, we vary the input parameters based on the estimated standard errors
(i.e. a: a/a-o/a+0o; b: b/b-o/b+o for the median, minimum and maximum estimates) similar to previous
studies (e.g., Mazzotti et al., 2011; Palano et al., 2018).

An alternative method that is commonly used to estimate the seismic moment rate is provided by Kostrov
(1974). In this method, the seismic moment rate for the total number of earthquakes (N) occurring in a
volume (V) is simply calculated by summing the moment of the individual earthquakes normalized by the
catalog period in each grid (T) (Ward, 1998a, 1998b). We use the formula of Hanks & Kanamori (1979) to
convert the earthquake moment magnitude (My) obtained from the catalog to scalar seismic moment
(Mo) and we estimate the seismic moment rate as follows:

N
. 1 n
MSK = 7 § (101.5(MW+ 6.03))
i=n

(2)

The moment magnitude estimates for each event came from different sources and derived from methods
such as regression analysis and conversion formulas that are susceptible to errors. Hence, we estimate an
upper and lower bound for the MgK by propagating a maximum standard error of £0.2 magnitude unit
on the moment magnitude estimates (e.g., Castellaro et al., 2006; Ristau et al., 2005).

3.3 GNSS Data Processing

The GNSS observation data used in this study came from different operators (e.g., commercial, national
and provincial networks) and includes more than 3000 continuous and campaign stations deployed
throughout Canada and the adjacent U.S. (e.g., Kreemer et al., 2014, 2018; see Figure 1b; Table S1). We
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started by processing the RINEX data recorded by ~1000 Real-Time Kinematic (RTK) receivers and obtained
daily three components position time-series by following the same procedure described in Kao et al.
(2018) (e.g., Blewitt et al., 2013; Kreemer et al., 2014). Specifically, we used the GIPSY v6.4 software
package provided by the Jet Propulsion Laboratory (JPL) to process the raw RINEX data following a
standard precise point positioning method (Zumberge et al., 1997). We use the Wide Lane Phase Bias
method of Bertiger et al. (2010) to resolve the phase ambiguity and determine the final station
coordinates under the 1GS14 realization of the ITRF2014 reference frame (Altamimi et al., 2016).

We estimate the GNSS station velocities and associated uncertainties using the robust Median Interannual
Difference Adjusted for Skewness (MIDAS) software available from the Nevada Geodetic Laboratory (NGL)
(Blewitt et al., 2016). Our preference of the MIDAS algorithm is mainly because it can better handle
common problems such as step discontinuities, outliers, skewness, and heteroscedasticity (Blewitt et al.,
2016; Sen, 1968; Theil, 1950). To enhance the density of the GNSS station coverage across Canada, we
included horizontal velocities in the ITRF2014 frame from the online database of NGL (Blewitt et al., 2018)
and JPL. To emphasize the deformation across Canada, we transformed the combined velocity fields using
the ITRF2014 rotation for the North American Plate (Altamimi et al., 2017). For stations common to the
three sources (i.e. this study, NGL, and JPL), we retain our velocity estimates while we adopt the velocities
from the NGL database for most stations and only use velocities of stations unique to the JPL database.
To ensure the stability and quality of our result, we remove GNSS stations with velocities estimated from
time-series records for less than 3 years (Blewitt & Lavallée, 2002). Likewise, we modeled and removed
the inter-seismic strain accumulation due to the locking of the Queen Charlotte Fault and subduction
faults in the Cascadia and the Haida Gwaii subduction zones from the original velocity estimates (e.g., Kao
et al., 2018; Mazzotti et al., 2003; Wang et al., 2003). Finally, we are left with ~2250 reliable horizontal
GNSS station velocities shown in Figure 1(b) and presented in Table S1.

3.4 Geodetic Moment Rate Estimate

We use the GNSS horizontal velocities to compute the regional strain field and associated standard error
over the study area on a regular 0.5° x 0.5° grid following the method of Shen et al. (2015). This method
employs a weighted least squares approach to interpolate the GNSS horizontal velocity field and
computes the strain rate at a resolution that depends on the in-situ data strength. Since we are primarily
interested in regional strains, we searched for the optimum spatial smoothing parameter (D) using a
quadratic weighting function from 1 km to 500 km at an interval of 1 km with a threshold weight (Wt) of
24 after several tests. Subsequently, we compute the geodetic moment rate at each 0.5° x 0.5° grid space
and then integrate over the larger 2° x 2° grid using the formula of Savage and Simpson (1997):

Mg = 2uH;A[Max(leg max), 1€n minls |€8 max + €nminl)] (3)

where W is the shear modulus of the rocks, Hs is the seismogenic thickness, A is the area, €imax and €nmin
are the principal axes of the computed horizontal strain rate. Since the focal depths of the earthquakes
are not well constrained, we use one-third of the crustal thickness estimated from the Canada-wide
ambient seismic noise tomography study of Kao et al. (2013) to approximate the seismogenic thickness
(Hs) at each grid. Rather than the commonly used homogeneous fixed value, this approach helps us to
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reflect the variation in the seismogenic thickness across the study area (e.g., Mazzotti et al., 2011;
Middleton et al., 2018). Finally, we estimate the median, minimum and maximum geodetic moment rate
in each 2° x 2° grid by varying the input parameters in Equation 3 (i.e., u: 3E+10/2.5E+10/3.5E+10; Hs: Hs/
Hs-2/ Hs+2 and €: €/e-0/ £+0) (e.g., Mazzotti et al., 2011).

4 Results

Although our analysis extends into the northern part of the U.S., we primarily focus on the results obtained
within the Canadian landmass. Hence, results to the south of the Canada—USA border will mostly be
ignored in subsequent discussions. Based on the spatial distribution of earthquakes and GNSS station
coverage, our results are best constrained in the south-eastern and the south-western part of the study
area (see Figure 1).

Considering the tectonic, geological, and geodetic characteristics, Mazzotti et al. (2011) divided western
Canada into twelve seismic source zones. We adopt their classification and compute earthquake
parameters and moment rate estimates at eleven of these seismic source zones, including (1) NVI - North
Vancouver Island-South Queen Charlotte; (2) FORN - Foreland Belt-North; (3) FORS - Foreland Belt-South;
(4) ALB - Alberta Plains; (5) BCN - Central British Columbia-North; (6) BCS - Central British Columbia-South;
(7) MIV - Mid Vancouver Island; (8) WASH - Northeast Washington; (9) SVI - South Vancouver Island; (10)
PUG - Puget Lowland and; (11) OLY - Olympic Mountains (see Fig. 1a). Similarly in eastern Canada, we
followed the seismic source zone classification provided by the Natural Resources Canada, namely: (1)
NON - North-eastern Ontario; (2) SGL - Southern Great Lakes; (3) WQU - Western Quebec; (4) CHV -
Charlevoix-Kamouraska; (5) BSL - Lower St. Lawrence; (6) NAP - Northern Appalachians and; (7) LSP -
Laurentian Slope (see Fig. 1a). In this study, we performed two sets of computations. First, we divided the
entire study region into a 2° x 2° grid and estimate the geodetic and the seismic moment rates (see
Sections 3.2 and 3.4) at each grid. Since this approach is unique to our study, we performed a second set
of computations following the seismic zone approach to compare our results with previous studies. Hence,
for each of the aforementioned seismic source zones in western and eastern Canada, we estimated a
representative value for the geodetic and seismic moment rates. We present the results obtained for the
regular grids and each seismic source zone independently in sections 4.2 and 4.3, respectively, and we
only compare the result at specific seismic source zones (section 4.3) to other studies.

4.1 GNSS Velocity and Strain Rate Field

The final set of GNSS horizontal velocities relative to the stable North American plate is shown in Figure
1b. The GNSS horizontal velocities are estimated from time series ranging from 3 to 26 years (average of
9.3 years) and the amplitudes range of 0.01-6.9 mm/yr with a standard error of 0.2—1 mm/yr (see Table
S1). Besides the obvious clockwise block rotation observed at GNSS stations located in the pacific
northwest, most station velocities are pointing in the NE-SW direction along the Cascadia subduction
zone (Figure 1b). In the Cordillera region and the inner platform, most of the GNSS station velocities reveal
a coherent NW-SE regional gradient. In eastern Canada, the velocities are generally oriented NW-SE but
the pattern near the margins of the formal glaciated areas are quite complex and incoherent. However,
relatively large velocity amplitudes can also be seen along the St. Lawrence River valley in agreement with
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previous studies (e.g., Goudarzi et al., 2016; Lamothe et al., 2010; Mazzotti et al., 2005; Tarayoun et al.,
2018; see Figure 1b).

Figure 2a presents the interpolated 2-D strain rate field derived from the horizontal velocities and shows
the principal extensional and contractional strain rate at each 0.5° x 0.5° grid point. In general, the main
feature in the strain rate tensor agrees well with previous studies (e.g., Alinia et al., 2017; Argus & Peltier,
2010; Calais et al., 2006; George et al., 2012; Goudarzi et al., 2016; Kreemer et al., 2018; Kao et al., 2018;
Mazzotti et al., 2011; Park et al., 2002; Peltier et al., 2015; Sella et al., 2007; Snay et al., 2016; Tiampo et
al., 2011; Tarayoun et al., 2018) indicating the robustness of our strain rate computation. The strain rate
field is interpolated across the study region to obtain a finer resolution in regions with relatively sparse
GNSS stations and to emphasize regional-scale deformation. However, the strain rate result is clipped at
the peripheral of the study region where the sparsity of GNSS station does not allow for the strain rate to
be reliably resolved (see Figure 2a). The maximum (&;) and minimum (&,) principal components of the
computed strain rate tensors range from -1.9 to 19.6 nstrain/yr and -17 to 3.3 nstrain/yr, respectively
while the associated error range from 0.1 — 3.2 nstrain/yr and 0.1 — 3.6 nstrain/yr, respectively (Figure 2a
and b). We note that the estimated strain rate error is not particularly larger at locations where the GNSS
station is sparse (Figure 2b) but further Monte Carlo simulations indicate that they are not well
constrained like estimates at locations of relatively dense GNSS stations (Figure S2 and S3). Although, the
maximum shear strain rates can be up to 10.5 nstrain/yr in the study region, for most of the study region
the maximum shear strain rate is within 2 nstrain/yr (where nstrain = 10e®). We compute the style of the

strain rate tensor, i.e., the areal strain rate defined as ( ), to reveal the differences in the strain

max(|&1],1&21)
rate magnitude across the study region (e.g., Kreemer et al., 2014; 2018; see Figure 2b). The scale is
saturated at -1 and +1 to clearly show when both principal axes are either compressional or extensional
(Figure 2b). The main features include a pronounced extensional strain rate to the east of Hudson Bay and
the Grenville Platform bounded by contractional strain rate on its margins. A band of substantial
contractional strain rate (~ 4 nstrain/yr) between latitudes 40°N and 50°N centered around 85°W follows
the St. Lawrence Platform and the Canada-US boundary (Figure 2). To the far east, this band lies between
the extensional strain rate in Hudson Bay to the north and a more dispersed extensional strain rate to the
south within the Appalachian (see Figure 2b). Predominant contractional strain rate trending SW-NE is
observed along the Pacific Coast and Vancouver Island and the amplitude decreases with minor
shortening within the Cordillera region (e.g., Snay et al., 2016). A localized extensional strain rate can also
be seen in the northern interior platform and to the west of Hudson Bay (Figure 2b; Calais et al., 2016;
Goudarzi et al., 2016). However, large uncertainties exist at locations where the GNSS station coverage is
relatively sparse, and a more constrained result may only be achieved in the future with denser networks
and longer data collection (see Figure 1b).

4.2 Moment Rate Estimates across the 2° x 2° grids

In this section, we present the result of moment rate estimates at each 2° x 2° grid. The estimated geodetic
and seismic moment rates are presented in Figure 3 and Table S3. Although these maps confirm some
first-order features reported by previous estimations, it presents a holistic result across the western and
eastern parts of Canada with some new observations. The magnitude of the geodetic moment rate (M§)



380
381
382
383
384
385
386
387
388
389
390
391
392

(Figure 3a) ranges from 4.5 x 10 to 4.0 x 10" Nm/yr and the estimated error from bootstrapping ranges
from 0.01 — 0.5 x 107 Nm/yr (Figure S3).

Figure 3a shows two patterns of strain rate accumulation. Most of the study area is characterized by strain
accumulation in the range of 10'® — 10 Nm/yr. In this interval, we observe the lowest rates of strain
accumulation (<5 x 10 Nm/yr) within the Hudson Bay, the western Canadian Shield, and some locations
in the Appalachian and the Gulf of St. Lawrence (Table S3). However, we cannot rule out the possibility
that these low strain rate values may be related to the lack of in-situ observation at these locations (see
Figure 1b) and new features may emerge when such observation gaps are filled in the future. Regions
with a relatively higher rate of strain accumulation (5 x 10® - 107 Nm/yr) are mainly located along the St.
Lawrence River Valley and the Interior Platform (Figure 3a).
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Figure 2. (a) The smoothed horizontal strain rate field and (b) associated error at a grid spacing of 0.5° x
0.5° across the study area. The red and blue crosses indicate the orientation and magnitude of the
extensional and contractional strain rate, respectively. (c) Style of strain rate tensor is defined by Kreemer
et al. (2014). The scale ranges from -1 when both principal axes are compressional to +1 when both
principal axes are extensional. The main geological and tectonic features in the study area and
abbreviations are the same as in Figure 1.
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Figure 3. Estimates of the moment rates in each 2° x 2° grid from (a) geodetic data (b) earthquake data
using the cumulated Kostrov summation method (c) earthquake data using the truncated Gutenberg-
Richter distribution method. The upper and lower bound of the estimates are presented in Table S3. The
locations of existing seismic source zones and the main tectonic features in the study area are shown on
the maps and defined in Figure 1. The thick black line defines the Canada-US border to the south.

The rate of strain accumulation ranges from 1.0 to 1.5 x 10¥ Nm/yr along the Canada-USA border and
coincides with a band of localized high contractional strain rates (e.g., Goudarzi et al., 2016; see Figure
2a). The most significant rates of strain accumulation (210 Nm/yr) are observed within the Canadian
Cordillera with increasing magnitude into the Cascadia subduction zone where the North American,
Pacific, and Juan de Fuca plates interact (Figure 2a).

The moment release rate estimated by summing the seismic moment of individual earthquakes in the
catalog normalized by the catalog duration (Mg’{) and that obtained by integrating the cumulative
truncated Gutenberg-Richter distribution up to an assumed maximum magnitude (MgG) follow the same
variation pattern across the different tectonic regions (Figures 3b and 3c). The M3X ranges between 10
and 5.1 x 10'® Nm/yrwhile the M€ ranges between 2.0 x 10> and 3.3 x 10 Nm/yr across the study area
(Figures 3b and 3c). For ~91% of the grid points, the values of M is smaller than the M3¢ estimates with
a ratio between 10 and 0.98 (e.g., Deprez et al., 2013; Mazzotti et al., 2011). The observed differences
can be attributed to the inherent limitations of the two seismic moment rate estimation methods. The
M;Kestimates (Figure 3b) relied essentially on observation (known events in the catalog) while the M3¢
estimates (Figure 3c) used the distribution of known events to model possible missing large magnitude
earthquakes and include them in the moment rate estimation. This can be well observed in central and
eastern Canada where the two models have more obvious discrepancies due to lack of events and a larger
number of small magnitude events that contribute relatively small moments. However, along the west
coast, where our catalog is more complete and we have relatively large magnitude earthquakes, the
seismic moment rate models agree better. The spatial distribution of strain release rate reveals that the
rate of seismic moment release is the lowest (Mg’{ <10 N.my/r) in the Interior Platform, the Hudson Bay,
the Canadian Shield, the Grenville, and in the Gulf of St. Lawrence. The limited number of earthquakes in
these regions did not allow for a successful estimate of the earthquake parameters (i.e., the a and b
values) needed for the MgG computation (void grids in Figure 3c). We observe an intermediate rate of
seismic moment release (between 10'® and 107 Nm/yr) within the Cordillera (e.g., ALB, FORN, FORS, BCN,
BCS in Figures 3b and 3c) and along the St. Lawrence River Valley in eastern Canada (e.g., SGL, WQU, CHV,
BSL and NAP in Figures 3b and 3c). The highest rates of seismic moment release (> 10 Nm/yr) are found
along the seismically active Cascadia subduction Zone (e.g., NVI, SVI, OLY, PUG, and WASH) and within the
LSP seismic source zone in eastern Canada (see Figures 3b and 3c).

4.3 Moment Rate Estimates at Specific Seismic Source Zones

In this section, we summarize the results obtained for each of the seismic source zones in western and
eastern Canada (see Figure 1a and Table 1). Table 1 shows that the newly compiled earthquake catalog
contains 129 to 9471 earthquakes recorded over 101 to 486 years in the seismic source zones as compared
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to 11 to 122 earthquakes spanning over 50 - 100 years used in the study of Mazzotti et al. (2011) in western
Canada (see Table 1). The maximum observed earthquake magnitude in each source zone ranges from
M4.7 to M7.3 and is generally smaller than the expected maximum earthquake magnitude (Mmax) from
the 2015 Canadian Seismic Hazard Map which ranged from M7.2 to M7.9 (Halchuk et al., 2015). The b
values indicating the proportion of small to large magnitude earthquakes in each seismic source zone
range from 0.58 to 0.99 while the seismicity levels (i.e., the a-values) range between 4.17 and 5.91.

Tablel: Earthquake parameters and moment rate estimates at specific seismic source zones in Canada

Seismic Earthquake Parameters No® (10" Nm/km?/¥r) strain Mg (10" Nm/¥r) My*® (107 Nm/Yr)
Source Rate
zones N T(Yrs) Mx b-value a-value Mc Estimate [ Lower Upper [(nstrain/y)| Estimate [ Lower Upper [Estimate| Lower Upper
ALB 9471 219 7.7 0.99+0.04]5.91+0.15]| 1.75+0.01 0.70 0.42 1.08 1.28 0.14 0.07 0.29 0.62 0.23 1.67
BCN 2527 101 7.3 0.88+0.03 [ 5.35+0.15 [ 2.00+ 0.46 1.76 1.14 2.55 3.52 0.32 0.16 0.65 1.14 0.50 2.60
BCS 2579 113 7.5 0.78+0.0314.84+0.13|1.50+0.44| 4.10 2.68 5.90 2.78 0.25 0.13 0.50 1.74 0.79 3.87
FORN 4553 101 7.2 0.91+0.04]5.28+0.16 | 1.75+0.05 2.76 1.77 4.04 2.48 0.29 0.15 0.59 0.58 0.22 1.58
FORS 3811 101 7.4 0.99+0.04 |5.72+0.16 | 2.00+0.07 2.68 1.74 3.89 1.56 0.21 0.11 0.42 0.59 0.22 1.59
MVI 9094 155 7.3 0.74+0.04]5.38+0.13| 2.00+0.19| 10.19 6.66 14.70 4.56 18.75 9.40 37.42 6.16 2.56 14.83
NVI 6118 102 7.3 0.72+0.035.46+0.10| 2.50+0.13 3.90 2.51 5.69 5.11 21.84 10.95 43.58 14.25 7.57 26.82
oLy 5842 160 7.5 0.60+0.02 | 4.67+0.06| 1.50+0.01| 11.81 7.62 17.23 4.27 16.97 8.50 33.85 11.81 7.58 18.40
PUG 5382 160 7.6 0.58+0.01]4.58+0.04|1.50+0.01| 15.81 10.28 22.89 4.85 10.54 5.28 21.03 16.60 12.88 21.39
SvI 5902 155 7.5 0.73+0.0214.92+0.08)| 1.50+0.01| 14.25 9.32 20.52 4.31 6.86 3.44 13.69 3.33 2.08 5.36
WASH 2404 128 7.6 0.80+0.05]5.14+0.21| 2.00+0.23 3.18 2.03 4.67 2.12 0.15 0.08 0.31 2.67 0.77 9.28
BSL* 839 342 7.9 0.93+0.04|4.79+0.15| 2.00+ 0.04 1.29 0.81 1.92 0.82 <0.01 <<0.01 <0.01 0.11 0.04 0.28
CHV* 1343 485 7.8 0.79+0.02 | 4.53+0.08 | 2.00 +0.25 3.59 2.08 5.68 0.97 0.10 0.05 0.20 0.30 0.18 0.48
LSP* 219 126 7.9 0.73+0.06 | 4.17+0.27| 2.75+0.20 0.27 0.16 0.41 0.73 5.58 2.79 11.12 1.57 0.32 7.66
NAP* 1012 264 7.6 0.80+0.02 | 4.59+0.08| 2.00+0.03 0.83 0.49 1.30 0.86 0.13 0.07 0.26 0.36 0.21 0.60
NON* 725 125 7.8 0.94+0.05)4.53+0.17| 2.00+0.10 0.33 0.21 0.50 0.71 <0.01 <<0.01 0.01 0.11 0.03 0.36
SGL* 1003 267 7.5 0.75+0.02 | 4.50+0.07 | 2.00+0.28 1.59 0.96 2.44 1.14 0.01 <<0.01 0.02 0.53 0.33 0.85
wQu* 3711 356 7.7 0.85+0.02 [ 5.31+£0.10] 2.00+0.03 1.60 0.92 2.56 1.08 0.09 0.05 0.19 0.79 0.43 1.44

* indicates the seismic source zones in eastern Canada. N: Total number of earthquakes. T: Catalog length
in years. Mx is the maximum expected earthquake moment magnitude based on the 2015 Canadian
Seismic Hazard Map. a and b values are earthquake parameters estimated from linear regression. Med,
Min, and Max refer to the median, minimum, and maximum estimates. Mg denotes the geodetic moment
rate estimate while M§X and M3¢ denote the seismic moment rate from moment summation and
truncated Gutenberg-Richter distribution.

Similarly, the magnitude of completeness indicating the minimum earthquake magnitude that can be
completely detected varies from 1.50 to 2.57. The maximum shear strain rate within the seismic source
zone is a few nanostrain per year (0.71 x 10%°-5.11 x 10'°). However, it appears that the maximum shear
strain is higher (¥2-3 times) in seismic source zones in western Canada (> 1.3 x 10*° yr!) than eastern
Canada (< 1.2 x 10 yr?) (see Table 1). Since the geodetic moment rate is related to the area, we
normalize the estimates with the defined source area to compare the estimate across the zones (Figure
1a). The estimated rate of strain accumulation is the highest (M§ > 102 Nm/km?/yr) within the MVI, OLY,
PUG, and SVI seismic source regions along the CSZ (see Figure 4). An intermediate rate of strain
accumulation (1.0 x 10 - 4.1 x 10 Nm/km?/yr) is found in the BCS, BCN, FORS, FORN, NVI, WASH, BSL,
CHV, SGL, and WQU. Enhanced strain accumulation has been reported by Tarayoun et al. (2018) within
the CHV seismic source zone. However, the ALB, LSP, NAP, and NON seismic source zones are
characterized by geodetic moment rates lower than 10 Nm/km?/yr (Table 1 and Figure 4). The rates of
seismic moment released by earthquakes are the highest (>5 x 10 Nm/yr) within the seismic source
zones along the Pacific coast in western Canada (i.e. MVI, SVI, NVI, OLY, and PUG) and LSP in eastern
Canada (see Table 1 and Figure 4).
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Figure 4. Estimates of the moment rates within each seismic source zones from (a) geodetic data (b)
earthquake data using the cumulated Kostrov summation method (c) earthquake data using the truncated
Gutenberg-Richter distribution method. The upper and lower bound of the estimates are presented in
Table 1. The locations of existing seismic source zones and the main tectonic features in the study area
are shown on the maps and defined in Figure 1a. The black line defines the Canada-US border to the south.

Most of the other seismic source zones (i.e. ALB, BCN, BCS, FORN, FORS, WASH, CHV, NAP, and WQU) are
characterized by intermediate seismic moment release (between 10 and 10'® Nm/yr). However, an
anomalously low rate of seismic moment release (<10'® Nm/yr) is observed in BSL, NON, and SGL seismic
source zones (see Table 1). Due to better data constraints, we obtained reliable results in seismic source
zones (e.g., BCN, MVI, FORN) where Mazzotti et al. (2011) reported their inability to obtain a satisfactory
result due to poor catalog statistics and GNSS data coverage. For more local results useful for seismic
hazard modelers, we present estimates of earthquake parameters, geodetic and seismic moment rate at
45 actual seismic source zones used in the national seismic hazard model (Halchuk et al. 2015) in Table S4
and Figure S5. The estimated moment rates are similar to the abovementioned values in eastern and
western Canada.

5 Discussion

5.1 Seismic versus Geodetic Moment Rate Across the Study Area

Here, we quantify the percentage of the accumulated strain that has been released seismically by
comparing the rate of seismic moment release (MgG and MgK) to the rate of strain accumulation (Mg) at
each grid (Figure 5). The pattern of moment rate ratio computed using the two seismic moment rate
estimates are similar, but we observe a general reduction of the moment rate ratios for the Kostrov
summation (M3X) method (see Figures 5a and 5b). As suggested by previous studies, the seismic moment
rate estimated from the Kostrov summation (MgK) method may be underestimated due to
incompleteness in the earthquake catalog (i.e. the lack of large magnitude earthquakes and missing small
magnitude events). The magnitude of completeness (M) estimated at each 2° x 2° grids range in the
interval 1.50 — 2.57 suggesting that our catalog is missing small magnitude earthquakes probably due to
non-uniform seismic station density across the study area. Therefore, the estimated Mg’{ may not
adequately capture the long-term pattern of seismicity unlike the estimates from the truncated
Gutenberg—Richter distribution method (e.g., Mazzotti et al., 2011; Palano et al., 2018).

For most of the study area, the rate of geodetic strain accumulation is larger than the rate of seismic
moment release by at least ~1-2 orders of magnitude (see Figure 5a). Therefore, the computed ratios are
generally small (< 20%), indicating an apparent imbalance between the two moment rate estimates and
suggesting that only a small fraction of the geodetically measured strain has been released seismically
(e.g., Kao et al., 2018). The lack of earthquakes or an insufficient number of events in some parts of the
study region is reflected by several void grids indicating our inability to constrain the earthquake aand b
values for MgG computation (see Figure 5b). The widespread observation of strain accumulation in the
crust without corresponding release by earthquakes in Canada can be partly attributed to aseismic
deformation by the well-known process of GIA that is prevalent across the continent (Kreemer et al., 2018;
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Kuchar et al., 2019; Mazzotti et al., 2011; Peltier et al., 2016, 2018; Pursell et al., 2018; Simon et al., 2016).
Alternatively, the strain can continuously accumulate in the crust in the absence of aseismic deformation,
and given the right conditions, can potentially be released as earthquakes in the future. Additionally, the
lack of agreement between the seismic and geodetic moment rate may also be related in part to
inaccuracies and limitations in the dataset and the methodology as revealed by previous studies (e.g.,
Mazzotti et al., 2011; Palano et al., 2018). These potential causes are further discussed in subsequent
sections 5.2 and 5.3.

We found that most grid points with moment rate ratios >1% are associated with previously identified

— . . - my¢ MK
seismic source zones in western and eastern Canada (Figure 5). Specifically, the # and # ratios are <
0 0

10% for ALB, BCN, BCS, FORN, FORS, BSL, NAP, NON, and SGL. It ranges between 10% and 50% for source
zones MVI, SVI, WASH, CHV, LSP, and WQU, suggesting that a significant proportion of the accumulated
strain has been released by earthquakes. In seismic source zones NVI, OLY and PUG, we observe a high
percentage of strain release that can approach or exceed 100%, suggesting the possibility of a complete
seismic release of accumulated strain (Figure 5).
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Figure 5. The ratio of seismic and geodetic moment rate (a) using seismic moment rate estimated from
the cumulated Kostrov summation method (b) using seismic moment rate estimated from the truncated
Gutenberg-Richter distribution method. The upper and lower bound estimates are presented in Table S3.
The location of existing seismic source zones and the main tectonic features are indicated on the maps
and defined in Figure 1. The thick black line defines the Canada-US border to the south.

The areas of the intermediate-to-high percentage of moment rate ratios coincide with locations of active
tectonics, suggesting that the observation can be directly linked to ongoing tectonic processes in these
regions. For example, along the Pacific Coast and Vancouver Island, the ongoing subduction of the oceanic
Juan de Fuca and Explorer plates beneath the NA causes enhanced seismicity in the region. Likewise, along
the St. Lawrence River Valley in eastern Canada, possible reactivation of crustal faults by regional stress
fields has been reported to be the primary driver of increased seismicity and deformation in the region
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(Tarayoun et al., 2018). A similar observation was made by D'Agostino et al. (2014) in the tectonically
complex region of Apennines, Italy to rule out significant aseismic deformation in the region and this may
also be the case in Canada. The observation of high percentage moment rate ratios may also imply that
the seismic moment released by earthquakes over the study period occurred at a rate much closer to the
rate of strain accumulation. Such a good agreement between the seismic and geodetic moment rates may
suggest that the current and the future rate of seismicity in these seismic source zones may be very similar,
thereby providing us a window looking into future earthquake scenarios at these locations (e.g., Gonzalez-
Ortega et al., 2018; Hyndman et al., 2003; Mazzotti et al., 2011; Pancha et al., 2006).

5.2 Aseismic Strain Release by GlA-induced Deformation

The widespread low percentage ratio between the seismic and the geodetic moment rate in many source
zones implies that only a small proportion of the accumulated strain is eventually released by
earthquakes. Hence, we considered other potential means of strain accumulation and release processes
without elevated seismicity such as GIA. However, more recent studies have revealed that besides GIA,
structural inheritance contributes significantly to the observed elevated rate of strain accumulation,
especially at locations of known crustal weakness such as the St. Lawrence Valley in eastern Canada (e.g.,
Tarayoun et al., 2018). Besides, factors related to catalog incompleteness and limited spatial resolution of
GNSS observations have also been identified to contribute to the observed discrepancies (Palano et al.,
2018). This raises the question of how much of the observed deformation can be fairly attributed to the
ongoing GIA processes. As noted by Mazzotti et al. (2011), this is an important scientific question to
answer to integrate GNSS strain rates into regional probabilistic seismic hazard analysis. Therefore, we
move a step further to quantify the percentage of the observed discrepancy between the seismic and
geodetic moment rates that can be explained by predictions from one of the existing GIA models while

MSA

(Mg - m31)

recently published ICE-6G-D(VM5a) global GIA model which was developed from an extensively validated

acknowledging its limit of accuracy (8514 = X 100). For this purpose, we made use of the

ice history dataset in conjunction with a 1-D earth model (VM5a) characterized by laterally homogeneous
layered Earth structure and calibrated by paleo-sealevel data and GNSS observations (Peltier et al., 2015;
2018).

As a first step, we estimate the strain rate and moment rate based on the horizontal velocities predicted
by the GIA model (mostly ~2 mm/yr or less) as shown in Figure 6. The maximum and minimum principal
component of the strain rate tensors ranges from -0.9 to 5 nstrain/yr and -1.4 to 1.2 nstrain/yr,
respectively, and the maximum shear strain rates range from 0 to 2.88 nstrain/yr (see Figure 6a). The
principal axes of the strain rates are characterized mostly by extensional strain throughout Canada,
however, localized contractional strain rates can be observed in the Appalachian region in eastern Canada

§14) ranges between 1.5 x 10° and

(Snay et al., 2016; see Figure 6b). The computed GIA moment rate (M
1.7 x 10 Nm/yr and shows a simple pattern of variation within the Canadian landmass (Figure 6c). The
Mg’A values are generally <2 x 10'® Nm/yr around the western, northern, and eastern edges but mostly
fall in the range of 2—4 x 10 Nm/yr within the study area (Figure 6c). In comparison to the geodetic
moment rate (Figure 6d and Table S3), the GIA moment rate estimates are ~1—4 times smaller in the study

area except for the Canadian Cordillera where it could be as much as 10 times smaller (e.g., King et al.,
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2010). This suggests, to first order, that the measured GNSS strain cannot be explained by the ICE-6G-
D(VM5a) GIA model across Canada. However, few locations exist (e.g., within Hudson Bay, Interior
Platform, and Canadian Shield) where the magnitude of the GIA and GNSS moment rate are comparable
(with a ratio between 0.8 and 1.2), suggesting a low probability of strain release by damaging earthquakes
(Figure 6d).
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Figure 6. Estimates based on the ICE6G GIA model. (a) Strain rate field based on the predicted horizontal
velocities from ICE-6G-D at grid spacing 0.5° x 0.5° across the study area. The red and blue crosses indicate
the orientation and magnitude of the extensional and contractional strain rate respectively. (b) The style
of the strain rate tensor is defined by Kreemer et al. (2014). The scale ranges from -1 to +1 corresponding
to when both principal axes are compressional and extensional respectively. (c) Estimates of the GIA
moment rates at a 2° x 2° grid across the study area. The upper and lower bound estimates are presented
in Table S3. (d) The ratio of the GIA and geodetic moment rate overlay by the earthquake epicenters. The
thick black line defines the Canada-US border to the south and the main geological and tectonic features
and abbreviations are defined in Figure 1.

At these locations, the observed strain rate is the result of aseismic deformation by GIA, thus no tectonic
strain is accumulated. However, previous studies have indicated the possibility of stress changes due to
GIA to combine with background tectonic stress on existing fault zones to trigger earthquakes (Steffen et
al., 2014; Brandes et al., 2015). Therefore, we infer that locations with comparable GIA to GNSS moment
rates and low background tectonic stress (e.g., west of Hudson Bay; see Figure 6d) are recommended sites
in Canada for the development of critical facilities to reduce their exposure to damaging earthquakes.

Subsequently, we hypothesize that the total accumulated strain should be equal to the summation of the
strain released seismically by earthquakes and those released aseismically by the ongoing process of GIA
in the study area. This allows us to quantify supposed GlA-induced deformation which we expressed as a
fraction of the absolute difference between the geodetic and seismic moment rate as shown in Figure 6.
The result obtained using the seismic moment rate from the M3X and the M35¢ method generally follows
a similar pattern for non-void grids (Figures 7a and 7b). The estimated percentage of moment rate
discrepancy that can be accounted for by GIA-induced deformation (&¢;4) is generally >40% in eastern
Canada but mostly <20% in western Canada except for southeastern Alberta (ALB) (Figure 7). Specifically,
in the area south of Hudson Bay (e.g., Canadian Shield) predictions from the GIA model can account for
most (>80%) of the observed discrepancies (e.g., Tarayoun et al., 2018). Similarly, in eastern Canada, a
band through the seismic source zones along the St. Lawrence Valley (e.g., SGL, WQU, CHV, and NAP) and
along the Canada-USA border is characterized by a relatively lower §;;4 percentage (between 20% and
60%, Figure 7). Tarayoun et al. (2018) found that within the St. Lawrence Valley, strain rates are on average
2—-11 times higher than the surrounding regions and 6—28 times higher than the GIA-predicted strain rates.
They attributed their observation of strong strain amplification to inherited tectonic structure and
associated lithospheric rheology weakening within the St. Lawrence Valley. Therefore, our observation of
reduced g4 in this region could provide further evidence for enhanced strain accumulation due to
inherited tectonic structures (e.g., reactivation of lapetus structures) as reported by Tarayoun et al. (2018)
within these seismic source zones.

We observe a decreasing percentage of §;;4 as we move from eastern Alberta (20—-40%) westward to the
Cordillera and the Pacific Coast (Figure 7). The lithosphere beneath the Cordillera has sustained major
deformation due to strain transferred inland from the CSZ as revealed by several studies (e.g., Audet et
al., 2019; Chen et al., 2019; Estéve et al., 2020; McLellan et al., 2018). Several studies have also revealed
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that the Cordillera is underlain by hotter and buoyant mantle material which differs significantly from
eastern Canada (Bao et al., 2016; Peltier et al., 2015, 2018; Wu et al., 2019). Therefore, the nature of the
mantle rheology within the Cordillera and the Pacific Coast may have allowed for a fast response of the
lithosphere to PGR thereby limiting the present-day effect of GIA in western Canada (James et al., 2001).
Global GIA models generally use a layered Earth model with the assumed upper mantle viscosity much
higher than what we expect beneath the Canadian Cordillera (e.g., James et al., 2001). As a result, the ICE-
6G-D model provides an upper limit of the present-day Earth's viscous responses to the Laurentide and
Cordillera Ice Sheet in western Canada. The regional GIA model (James et al., 2001) uses more realistic
viscosity values and predicts a much smaller (~ 0.1 mm/yr) surface deformation rate due to the Cordillera
Ice Sheet. Despite this, we conclude that GIA from the past ice melting cannot fully explain the discrepancy
we see in western Canada. The remaining difference is likely contributed from a combination of different
tectonic and non-tectonic related deformation sources. Deformation induced by ice melting since the little
ice age (LIA) is prevalent in the Canadian Cordillera (Larsen et al., 2006) and Alaska. The LIA related GIA
deformation can produce a present-day deformation rate on the order of a few mm/yr across western
Canada, comparable to our observed strain rate estimates. However, deformation related to LIA GIA is
likely limited to the coastal mountain region and has limited spatial distribution. We suspect that
deformations related to plate boundary subduction (Li et al., 2018) and upper plate crustal faults (Elliott
et al., 2010; McCaffrey et al., 2013) may have contributed significantly to the observed strain rate. To fully
understand the deformation mechanisms in western Canada, an improved GIA model that accounts for
3-D lateral variation in mantle rheology, including the effect due to the LIA melting history, is needed.
Deployment of a dense GNSS network over a sufficiently long period will also be required to confidently
identify and distinguish deformation sources from crustal faults and plate subduction.
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Figure 7. The percentage ratio of the GIA moment rate and the absolute difference between the geodetic
and seismic moment rate estimated from (a) the cumulated Kostrov summation method (b) the truncated
Gutenberg-Richter distribution method. The locations of existing seismic source zones and the main
tectonic features are indicated on the maps as defined in Figure 1. The thick black line defines the Canada-
US border to the south.

5.3 Potential Earthquake Hazards

It is well accepted that the probability of earthquake occurrence largely depends on the absolute strain
level (D’Agostino, 2014). Consequently, several studies have used estimates of seismic and geodetic
moment rates, moment deficits, and earthquake recurrence times of an assumed earthquake magnitude
to assess the potential seismic hazard in different regions (e.g., Jenny et al., 2004; Kreemer et al., 2000;
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Mazzotti et al., 2011; Middleton et al., 2018; Pancha et al., 2006). We estimate the available moment
budget in the crust by taking the difference between the total amount of seismic moment released by
earthquakes and the accumulated moment derived from geodetic measurement over the catalog

duration ((Mg - Mg) X T). The moment budget is negative (i.e. moment excess) when the total amount

of moment release exceeds that of tectonic strain accumulation and vice versa (i.e. moment deficit). For
the moment budget computation, we used the seismic moment rate estimated from the truncated GR
relation since it is generally accepted to be less affected by catalog incompleteness and more
representative of the long-term seismicity (e.g., Deprez et al., 2013; Hyndman & Weichert, 1983; Kreemer
et al., 2002; Mazzotti et al., 2011; Ward, 1998a, 1998b). Subsequently, we compute the equivalent

earthquake magnitude based on the moment-magnitude formulation (M,, = %logMo — 9.05) of Hanks

and Kanamori (1979). Based on the conservation of the total moment, we estimate the frequency of the

BMpdy MP
Mo(1-B)
Gutenberg—Richter (GR) law (e.g., Middleton et al., 2018). These estimates are presented in Table 2 for

equivalent-magnitude earthquakes (T(M) = ) assuming that seismicity follows the empirical

individual seismic source zones in western and eastern Canada. We observe that the seismic moment rate
(MgG) and geodetic moment rate (Mg) have good agreement (with a ratio between 0.9 and 1.3) within
the PUG, OLY, and NVI seismic source zones. The next level of agreement between the seismic and
geodetic moment rates (with a ratio of ~0.5) is found within the LSP and MVI seismic source zones. Near
unity, ratios indicate that a large proportion of the accumulated strain has been released by earthquakes
in these seismic source zones and thus having a low potential of having major damaging earthquakes in
the near future (e.g., Deprez et al., 2013; D’Agostino, 2014; Gonzalez-Ortega et al., 2018; Palano et al,,
2018). This observation confirms the result of Mazzotti et al. (2011) who found good agreement between
the two moment rates in PUG (0.77) and MVI (0.83) (Table 2; Hyndman et al., 2003).

Within the PUG and OLY seismic source zones, we observe moment excesses (<-0.4 x 10%° Nm) resulting
from a relatively large seismic moment rate. This can be attributed to the occurrence of large magnitude
earthquakes in a small area or indicate that the strain released by earthquakes in this seismic source zone
was accumulated over periods longer than the catalog duration (e.g., Rontogianni, 2010). In all other
seismic source zones, the ratio of seismic to geodetic moment rates is <1, indicating a moment deficit in
the range of 1.4 x 10'° — 4 x 10?° Nm to be released by overdue earthquakes (e.g., Palano et al., 2018).
Based on the moment-magnitude formulation (Hanks & Kanamori, 1979), the strain accumulated in the
crust is equivalent to a single earthquake with Mw ranging from 6.7 to 7.7 (Table 2). Instead of the
occurrence of a single large magnitude earthquake, the strain may also be released incrementally by
several smaller events (Clarke et al., 1997). Either way, the scenario represents an elevated seismic risk in
these source zones. However, this may not be the case for seismic source zones located in eastern Canada
where there is a high likelihood of aseismic release of accumulated strain as previously discussed (Figure
7). The computed earthquake recurrence times based on the geodetic moment rate, earthquake b-value,
and assumed maximum magnitude for My, 2 6 and My, 2 7 fall in the ranges of ~6-178 and 77-5439 years,
respectively, across various seismic source zones (Middleton et al., 2018; see Table 2). This estimate
provides a measure of the rate of occurrence of large magnitude earthquakes needed to seismically
balance the accumulated strain. The earthquake recurrence times for magnitude My, 2 6 and My, 2 7
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earthquakes are relatively shorter (e.g., <15 years and <200 years, respectively) for seismic source zones
located along the active Pacific Coast (e.g., NVI, SVI, MVI, OLY, PUG) in western Canada while it is about
2-9 times longer for seismic source zones in eastern Canada (e.g., BS, LSP, CHV) (see Table 2).

Table 2: Estimates of moment rate ratios, moment budget, and earthquake recurrence times

. NSNS NS/ y . ‘ Estimates based on M,° ‘
eismic oment [Equivalent | Recurrence Time-Yrs (M >= 6) Recurrence Time-Yrs (M >=7)
Source ) Mazzotti ) Mazzotti | Budget |Magnitude
zones S::I(jy etal. STtij etal. (10*° Nm) (Mw) Estimate Lower Upper Estimate | Lower Upper
(2011) (2011)
ALB 0.23 0.85 0.03 6.4% 102 3.87 7.7 64 41 106 1946 1261 3233
BCN 0.28 5.93 0.05 33x10° 2.12 7.5 6 4 10 132 91 203
BCS 0.14 0.04 014 |s52x102| 126 7.4 10 7 15 141 98 215
FORN 0.50 0.11 0.07 0.21 0.82 7.2 19 13 29 433 296 674
FORS 0.36 0.56 0.09 0.34 0.59 7.2 178 123 274 5439 3744 8375
MVI 3.04 2.28 0.49 0.83 0.99 7.3 8 6 12 104 72 159
NVI 1.53 0.10 0.91 0.13 0.14 6.7 6 4 10 77 53 120
oLy 1.44 0.12 127 |s56x102| -0.40 7.0 14 10 2 113 77 175
PUG 0.63 0.33 1.33 0.77 -0.66 -7.2 13 9 19 93 64 143
SVI 2.06 0.31 0.30 0.12 1.22 7.4 11 8 17 135 93 206
WASH 0.06 0.16 0.27 0.10 0.94 7.3 13 9 21 212 144 332
BSL* 0.01 0.03 1.35 7.4 57 39 91 1426 958 2259
CHV* 0.33 0.19 0.63 7.2 97 61 167 1481 935 2552
LSP* 3.55 0.47 0.23 6.9 53 34 88 654 420 1100
NAP* 0.37 0.06 1.46 7.4 23 15 39 362 230 616
NON* 0.03 3.8x 1073 3.60 7.7 9 6 14 224 151 355
SGL* 0.01 0.05 2.87 7.6 1 7 18 144 9 238
wQu* 0.12 0.16 1.52 7.4 30 19 52 566 353 989

* indicates seismic source zones in eastern Canada. M§ denotes the geodetic moment rate estimate while
M35¥ and M3¢ denote the seismic moment rate from moment summation and truncated Gutenberg-
Richter distribution. The upper and lower bound of the recurrence times are obtained by propagating the
b-value uncertainty and using the corresponding upper and lower bound estimates in Table 1.

Generally, the estimate of the moment release rate is regarded as highly reliable only when the
earthquake catalog spans several recurrence times of large earthquakes (Jenny et al., 2004). In our case,
the catalog length is 2 — 75 times longer than the estimated recurrence time for M,, 26 across various
seismic source zones. For M, 27, the catalog length is only ~1 — 6 times longer than the estimated
recurrence time in some seismic source zone (e.g., BCN, BCS, FORN, MVI, NVI, OLY, PUG, SVI, WASH, NAP,
SGL, and NON) whereas the catalog duration is ~1 — 11 times shorter than the estimated recurrence time
in others (e.g., ALB, FORS, BSL, CHV, LSP, and WUQ) (see Table 2). Previous studies have found estimates
of earthquake recurrence times to be subject to very high uncertainties and largely dependent on how
the accumulated strain is been reset by the occurrence of large magnitude earthquakes in the region
(D’Agostino, 2014; Weldon et al., 2004). Likewise, the elastic strain can be cumulatively stored in the crust
without been released for a period longer than that predicted by the recurrence interval, thus leading to
an overdue (and often larger) earthquake. Additional limited knowledge on the strain level before the
GNSS deployment further contributes to these uncertainties (D'Agostino, 2014; Field et al., 1999; Mazzotti
et al,, 2011). Therefore, we suggest that our estimates of earthquake recurrence intervals and inferences
based on them should be taken conservatively.
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5.4 Comparison of Seismicity with Crustal Deformation Rates

On a global scale, a strong correlation between the geodetic moment rates and the frequency of
earthquakes has been observed at different tectonic settings (e.g., Bird et al., 2010; Kagan, 1999; Kreemer
et al., 2002). However, there are regions where this relationship has been reported to be invalid (e.g.,
Masson et al., 2004). In Figure 8, we show the relationship between geodetic moment rates and the
number and magnitudes of earthquakes in Canada.

|4 2309 (881 %) @ 3515 (5.6 %) @ #3623 (0.4%
-10 = T T T T T T T T T T T T -
0 1000 2000 3000 0 1 2 3 4 5 6 7 1 2 3 4 5 B 7 8

Grid Total Events Moment Maghitude (Mw) Grid Maximum Observed Earthquake (Mw)
Figure 8. Comparison between the geodetic moment rate and seismicity in the study area (a) geodetic

Grid Geodetic Moment Rate (10'® Nm/Yr)

Grid Geodetic Moment Rate (10 Nm/Yr-')
Grid Geodetic Moment Rate (10'® Nm/Yr)

moment rate and earthquake count in each grid (b) spatial correlation of the geodetic moment rate and
the earthquake magnitudes (c) geodetic moment rate and the maximum observed earthquake magnitude
in each grid. We note that each dot in (b) corresponds to one earthquake while each dot in (a) and (c)
correspond to a 2° x 2° grid.

Most of the grid points (88.5%) fall into the category of a relatively low geodetic moment rate (< 1.8 x 10/
Nm/yr) and a small total number of earthquakes (< 400, red circles in Figure 8a). This category accounts
for ~20.5% of the total number of earthquakes in our catalog. On the opposite, there are regions (e.g.,
within NVI, OLY, and PUG) characterized by relatively low numbers of earthquakes and high geodetic
moment rates (up to ~4.0 x 107 Nm/yr; blue circles in Figure 8a). They account for ~7.7% of the total
number of earthquakes in the catalog and 5.2% of the total grid points. The third category is characterized
by an intermediate-to-low geodetic moment rate (< 1.5 x 10 Nm/yr) with many earthquakes (e.g., within
WQU, CHV, FORN, and FORS). Regions in this category account for the largest proportion of earthquakes
in the catalog (~43.4%) but only 5.9% of the grid points (lime circles in Figure 8a). The last category
represents grid points characterized by high geodetic moment rates (> 3.0 x 10 Nm/yr) and many
earthquakes (>2500) (e.g., within SVI). Only one of the 400 grid points (0.4%) is in this category, but it
accounts for ~8% of the total number of earthquakes in our catalog (the brown circle in Figure 8a). The
first and last categories agree with the linear correlation between the seismicity and the strain rates
reported in the literature (e.g., Kagan, 1999; Kreemer et al., 2002). However, the second and third
categories appear anomalous because the seismicity recorded in those regions is significantly lower or
higher than expected, suggesting that the globally observed correlation may not hold for at least some
part of Canada. High seismicity in low strain regions may indicate that other factors (e.g., structural
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inheritance) besides strain accumulation may be responsible for earthquake generation in the region (e.g.,
Tarayoun et al., 2018) whereas low seismicity in high strain regions may point to ongoing aseismic
deformation or overdue earthquakes (e.g., Gonzalez-Ortega et al., 2018; Middleton et al., 2018; Palano et
al., 2018).

Although small magnitude earthquakes (M<4) appear to cluster at regions of relatively low geodetic
moment rates (< 1.5 x 10 Nm/yr), it is apparent that earthquakes of all magnitudes can occur in regions
with either high or low geodetic moment rates (Figure 8b). This may indicate a significant spatial variation
for the seismogenesis of large earthquakes (Riguzzi et al., 2012). Since large magnitude earthquakes are
of primary importance to seismic hazard, we compare the magnitude of the largest earthquake observed
in each cell with the corresponding geodetic moment rate and the results are plotted in Figure 8c. The
magnitude of the largest earthquake observed in each cell spread across a wide range of values (M, 1.4—
7.3) for regions associated with intermediate-to-low geodetic moment rates (<1.5 x 10 Nm/yr).
However, not a single cell with a high geodetic moment rate (>1.5 x 107 Nm/yr) can be associated with a
maximum earthquake magnitude less than My, 5 (Figure 8c). The strong correlation between epicenters
of large earthquakes and areas with high geodetic moment rates suggests that there is a higher probability
of seismic risk at locations characterized by high geodetic moment rates (e.g., along the Canada-USA
border in central Canada; see Figure 3a). This observation agrees with the reported of Zeng et al. (2018)
in California and Nevada, USA but contradicts the observation of Riguzzi et al. (2012) in Italy.

Conclusions

Taking advantage of the recent improvements in seismic and geodetic station coverage across Canada,
we exploit the principle of moment conservation to obtain an improved picture of the interplay between
the geodetically measured strain accumulation and the moment released by earthquakes. To achieve this,
we performed a detailed analysis of data from all available GNSS stations and compiled the most complete
earthquake database spanning over 486 years. This led to robust estimates of the scalar seismic and
geodetic moment rates on a regular 2° x 2° grid across the study area. A higher rate of strain buildup than
seismic moment released by earthquakes is observed in most of the study areas and we attribute it to
long-term regional aseismic deformation related to the ongoing process of PGR, especially in eastern
Canada. At locations with limited evidence for aseismic deformation (e.g., existing seismic source zones),
we speculate that the unreleased strain is been stored cumulatively in the crust and may be released as
earthquakes in the future. Therefore, the occurrence of individual, large-magnitude events with long-term
average recurrence intervals is required to explain the pattern of moment release and seismically deplete
the accumulated strain. Within the limit of GIA uncertainties, we recommend that areas of zero-to-low
background seismicity with geodetic and GIA moment rates close to unity are the potential safe site for
installation of critical facilities that are highly vulnerable to earthquake hazards. Our attempt to quantify
the GlA-induced deformation has the potential to motivates future research on the integration of GNSS
strain rates in seismic hazard studies for a more complete assessment in Canada.
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Lastly. Figure S6 shows the correlation between geodetic moment rate and the
number of events at each 2° x 2° grid using different magnitude threshold.

Also, we present Tables S1-S4. Table S1 contains the estimated and compiled horizontal
velocities for GNSS stations included in this study. For each GNSS station, we provide the
geographical coordinates (longitude and latitude in degrees), the east and north velocities
(mm/yr), the associated uncertainties (mm/yr), and the time-span (years). We processed
RINEX data recorded by ~1000 Real-Time Kinematic (RTK) receivers across Canada using
the GIPSY v6.4 software package provided by the Jet Propulsion Laboratory (JPL).
Subsequently, we estimate the GNSS station velocities and associated uncertainties using
the robust Median Interannual Difference Adjusted for Skewness (MIDAS) software
available from the Nevada Geodetic Laboratory (NGL). We added more GNSS station
horizontal velocities from the JPL and the NGL online databases. Table S2 contains the
compiled catalog containing 45,114 earthquakes that occurred in western, central, and
eastern Canada in addition to the Northern part of the contiguous United States. We
provide information about the location of the event (longitude and latitude in degrees),
the estimated moment magnitude, and year of occurrence. Most of the data came from
the published 2011 Canadian Composite Seismicity Catalogue (Fereidoni et al., 2012). We
also include more recent earthquake records from the Composite Alberta Seismicity
Catalogue (CASC) which includes earthquakes in Alberta and northeastern British
Columbia (Fereidoni & Cui, 2015). Additionally, we include about 16,000 small magnitude
earthquakes (M < 4) contained in the Natural Resources Canada’s (NRCan) online catalog
and the earthquake catalog of Visser et al. (2017) and estimate their moment magnitudes
following the Pseudo Spectral Acceleration (PSA) method of Atkinson et al. (2014). We
note that the uncertainty of the moment magnitude estimates for small events can be as
large as 0.5 magnitude units. Table S3 contains the main result from the computations
performed in this study. For each 2° x 2° grid point, we provide the geographical
coordinates (longitude and latitude in degrees), the estimated geodetic moment rates
(Nm/yr) and their upper and lower bounds, the estimated seismic moment rates (Nm/yr)
and their upper and lower bounds from the moment summation method, the estimated
seismic moment rates (Nm/yr) and their upper and lower bounds from the truncated
Gutenberg-Richter (GR) distribution method. We input the term “N/A" to denote grid
points where no results were obtained for any of the moment-rates estimates. We note
that for sparse data regions, there is a possibility of obtaining more refined results in the
future with increasing density of broadband seismic stations and GNSS stations. Lastly,
Table S4 contains the results of estimated earthquake parameters, seismic and geodetic
moment rates at actual seismic source zones used in the 2015 national seismic hazard
model.
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Figure S1: M. estimation using the maximum curvature method at four 2° x 2° grids in
western and eastern Canada. The black histograms are the frequency magnitude
distribution of the earthquakes, the blue dots are the cumulative earthquake numbers, the
red line is the best-fitted line from the G-R law, the green line denotes the curvature point

which is the estimated Mc.
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97  Figure S5: Estimated moment rates at exact seismic source zones used in the national
98  seismic hazard model. (a) Geodetic moment rate normalized by source area (b) seismic
99 moment rate from Kostrov equation (c) seismic moment rate from truncated G-R
100  relationship.



101
102

103
104
105
106
107
108
109
110
111
112
113

114

Grid Total Events (M >= 2.5)

Grid Total Events (M »= 3)

T T T

L L b L [}

z = 40 Ve = 10{%

2 * =z I ] =z

© © [ Y ©

= =2 30 ® .. =2 30

o) o) @

© © ©

b T 20 T 20

C C C

@ @ @

E E E

2 12 10 2 10

Lo Q Q

g g g .

=1 o 04 o 01 )

@ @ @

g 1@ 8980 (88.1 %) @ 3440 (5.6 %) $3032(0.4% g @ 8184 (88.1 %) @ 3047 (5.6 %) 2025 (0.4 % g @ 5833 (883 %) @ 3216 (6.2 %) @ ® (00%)

(B _1 0 T T T T G _1 0 T T T T G _1 0 T T T T

0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000

Grid Total Events (M >= 1) Grid Total Events (M >=1.5) Grid Total Events (M >= 2)

= L L L L s L L L L s L L L L

1 1 1

[ [ e [ f

Z 40 2 = 40 f 2 = 40 —(-)

= ] [ ] = | e =z 1@

@ J < [ J < L)

S 306 = 30 =2 30 @

s 0 5 o PO L

= 1e = 1® = 1e

3] 3] 3]

T (P = 2 {8% = 50 {8°

= 15 ® £

b @ @ 1

5 5 5

= 10 » = 10 & = 108 o

o 9 o ]

g g g .

& 0+ o 0 o 0

o} o} o}

g 1@ 8597 (91.3 %) @ 2658 (7.4 %) @ ® (00%) g 1@ 4071 (90.5 %) @ 1815 (8.5%) @ ® (00°%) g 1@ 1962 (89.9 %) @ 806 (10.1 %) @ ® (00°%)

(B _1 O I T 1 1 G _1 O I T 1 1 G _1 O I T 1 1

0 1000 2000 3000 0 1000 2000 3000 0 1000 2000 3000

Grid Total Events (M >= 3.5)

Figure S6: Relationship between the geodetic moment rate and the total number of events
with varying magnitude threshold in each 2° x 2° grid.




